Abstract. Farmers use low tunnels (LTs) covered with spunbonded fabric to protect warm-season vegetable crops against cold temperatures and extend the growing season. Cool season vegetable crops may also benefit from LTs by enhancing vegetative growth and development. This study investigated the effect of the microenvironmental conditions under LTs on brussels sprouts growth and production as well as water requirements and use efficiency in comparison with those in open fields. Low tunnels increased minimum soil temperature in all trials. By contrast, LTs reduced evapotranspiration (ET) 54% to 68% by reducing solar radiation (SR) and blocking wind in spite of increased maximum air temperatures. Because of reduced ET, water needs and irrigation decreased by 24% to 40%. Furthermore, LTs enhanced vegetative growth (plant leaf area, plant height, and plant dry weight). Sprouts per plant and yield under LTs increased by 29% and 46% in Spring 2017, by 22% and 46% in Fall 2017, and by 29% and 22% in Spring 2018. Considering the increased growth and productivity and reduced irrigation, LTs increased water-use efficiency (WUE) in relation to yield by 62% to 107% in comparison with open fields. Increased total yield and improved WUE illustrate that LTs may be a useful management tool in sustainable production systems in addition to their traditional role for season extension.
Protected production systems are used to modify the crop's microenvironment and extend the growing period early in the spring or late in the fall (Arancibia, 2018; Lamont, 2005) . In addition, protected systems enhance vegetative growth and increase productivity, which may improve the sustainability of vegetable production operations. A wide variety of structures such as hotbeds, glass cloches, coldframe, low and high tunnels, and various types of greenhouses have been used as protected systems to extend the growing season (Lamont, 2005) . Although farmers use protected cultivation systems for warm season vegetables, LTs can also benefit cool season vegetable crops by increasing early vegetative growth, reducing ET and possibly irrigation.
Low tunnels effectively extend the growing season in vegetable production (Arancibia, 2018; Lamont, 2005) . Among the different types of covers available to use with LTs, spunbonded rowcovers of various thicknesses are most popular. They are semitransparent porous fabrics that allow airflow and ventilation, hence helping avoid condensation that may damage the foliage in contact with water (Arancibia, 2018) . Low tunnels covered with spunbonded fabric increase vegetative growth and yield by increasing soil and air temperature (Arancibia, 2018; Arancibia and Motsenbocker, 2008; Gerber et al., 1988; Ibarra et al., 2001; Jolliffe and Gaye, 1995; Nair and Ngouajio, 2010) . In addition, LTs are movable, allowing for crop rotation with cover crops in sustainable production systems.
Many vegetable species are shallow rooted and are sensitive to mild water stress (Feigin et al., 1982; Sammis, 1980) . Therefore, irrigation is important in vegetable crops to maintain adequate soil moisture for continuous growth and development. However, more than 90% of the water used by plants is lost through transpiration (Morison et al., 2008) . In most agricultural systems, poor WUE occurs when soil evaporation is high as compared with plant transpiration in the same field (Gallardo et al., 1996) . Water lost through evaporation and transpiration is known as ET, which depends on environmental conditions and plant stage (size). Increased ET results in increased crop water needs. Factors influencing ET are SR, crop growth stage, daylength, air temperature, relative humidity (RH), and wind speed (Allen et al., 1998; Jensen and Allen, 2016; Zotarelli et al., 2010) . Therefore, fully grown plants demand larger amounts of water, especially in warm, sunny, and windy days (Abdrabbo et al., 2010) . Under LT, however, rowcover reduces direct sunlight and blocks wind, which reduces ET even at higher temperatures (Arancibia, 2009 (Arancibia, , 2012 . Therefore, reducing ET in crops grown under LTs may reduce irrigation requirements and improve WUE.
The use of LT can be beneficial to extend the harvest season of brussels sprouts (Brassica oleracea L. Group Gemmifera). Brussels sprout is a cool season, frost-tolerant vegetable crop from the family Brassicaceae. It is an important source of dietary fiber, vitamins (A, C, and K), calcium (Ca), iron (Fe), manganese (Mn), and antioxidants (U.S. Department of Agriculture, 2018) . In 2017, the United States imported fresh and frozen brussels sprouts valued at $56 million but exported only $16 million of similar sprout products (U.S. Department of Agriculture, 2017) . Therefore, the United States is underproducing brussels sprouts. The main brussels sprouts production season is fall, but spring production is also possible, and extending the harvest season by growing under LTs may help increase local production for direct sale markets.
The hypothesis for this study was that LTs create a more favorable environment in both spring and late summer-fall that would reduce ET and irrigation while increasing vegetative growth and yield. Therefore, the objectives were a) to determine the differences in microenvironmental conditions between LT and open field, and their association with irrigation requirement and b) to determine differences in vegetative growth, production, and WUE in brussels sprouts grown under LT and open field.
Materials and Methods
Brussels sprouts, cultivar Dimitri, were grown on a Bojac sandy loam soil in Spring 2017, Fall 2017, and Spring 2018 at the Eastern Shore Agricultural Research and Extension Center-Virginia Tech in Painter, Virginia (lat. 37.58466, long. -75.82114 ). All trials were set up in a spilt-plot design with four replications. The main effect (plots) consisted of two plastic mulches (white and black) and the secondary effect (subplot) consisted of treatments with LT and open field. The field had five 60-m-long rows (1.8 m center to center): two guard rows along the border and one additional guard row in the middle between the two record rows. Four 15-m-long blocks (replication) were separated along the field. Mulch color was assigned randomly to each record row (plots), which was divided into two 6-m-long subplots separated by a 1.5-m alley. Treatments (LT and open field) were allocated randomly to each subplot. Brussels sprout seedlings were grown under greenhouse conditions in MarchApril (20°C) and July (32°C) for the spring and fall planting, respectively. Seedlings (4-5 weeks old, 9-11 cm tall) were hand-planted into double-row beds on 12 Apr. 2017 , 10 Aug. 2017 , and 25 Apr. 2018 (Table 1) . Planting was on raised beds (0.2 m tall and 0.8 m wide) 1.8 m apart (center to center) with the appropriate plastic mulch color (0.003 cm thick and 152.4 cm wide) (Hilex poly Co., North Vernon, IN). In-row planting distance was 0.6 m and rows in the same bed were 0.45 m apart. Drip irrigation was laid between rows under plastic (Aqua Trax, EI Cajon, CA). Emitters in the irrigation tape were 30 cm apart, and the flow rate was 1.89 L · min -1 per 30 m tape length. Tunnels were set up with polyvinyl chloride hoops (3 m long) bent to form a 1.0-m tall and 1.0-m wide tunnel, which was covered with spunbonded rowcover (Dewitt, Sikeston, MO) of 33.8 g · m -2 in the two spring trials and 16.9 g · m -2 in the fall trial. Sand bags were used on the sides to hold the edges in place. Pre-plant fertilizer (10N-4.4P-8.3K) was incorporated into planting beds at 112.5 kg · ha -1 of N according to the Mid-Atlantic Commercial Vegetable Production Recommendations for brussels sprouts (Wyenandt, 2016 ) using a rotary tiller before laying polyethylene mulch in all trials. A one-time sidedressing at 14.5 kg · ha -1 of N was applied through the dripline to all treatments and trials. All other cultural practices followed the Mid-Atlantic Commercial Vegetable Production Recommendations (Wyenandt, 2016) .
Environmental parameters and irrigation. Dataloggers (EM50R; Decagon Devices, Pullman, WA) were installed after transplanting in all trials to monitor microenvironmental conditions throughout the growing period. Sensors were connected directly to the dataloggers, and hourly data were transmitted via radio frequencies to a central storage station connected to a computer. Soil temperature and moisture were monitored in two replications in Spring 2017, three replications in Fall 2017, and four replications in Spring 2018. Air temperature and RH were monitored in two replications in both Spring 2017 and 2018 but only one in Fall 2017. Soil temperature and moisture sensors (5TM; Decagon Devices) were set at a depth of 15 cm. Air temperature and RH sensors (VP3; Decagon Devices) were 30 cm aboveground (plant canopy level) in both treatments as it was necessary to monitor parameters inside the LT. Solar radiation sensor (Pyranometer; Apogee, North Logan, UT) was above the canopy also to fit inside the LT. Wind speed was monitored (Davis Cup Anemometer; Decagon Devices) in the open field, but because of the difficulties in maintaining the anemometer free for movement, wind under LT was considered undetectable based on previous work (Arancibia, 2009 (Arancibia, , 2012 . Daily maximum and minimum air temperatures, daily total SR, daily maximum and minimum RH, and daily average wind speed were used to determine ET using the Penman-Monteith Daily equation (Synder and Eching, 2007) . Because brussels sprout is a medium-sized crop (>40 cm tall) at maturity, the ET equation for tall canopies was used. The program also takes into consideration the date and location (latitude and altitude). Environmental parameters (soil temperature, air temperature, RH, SR, wind speed, and ET) were monitored from the day of LT installation to the day before removal (Table 1) .
Irrigation events based on soil moisture status and total irrigation water applied were determined in Spring 2017 and 2018 but not in Fall 2017. Irrigation events were initiated at 40% to 50% deficit of plant available water. The amount of water applied depended on the amount of water needed to bring soil moisture up to field capacity and the volume of the root zone. Based on Part 623 of the National Engineering Handbook (U.S. Department of Agriculture, 2013), soil moisture at field capacity in a sandy loam soil is 22% volumetric water content, and 50% plant available water deficit is at 16% volumetric water content. Therefore, the amount of water to apply was calculated by using the following formula:
where D is the depth of the root zone, W is the width of the root zone, L is the length of the row (subplot), and 6% is the volumetric water content to replenish. Then, irrigation time was calculated by dividing the water volume needed by the drip tape flow rate. In the initial stages, plants were irrigated for 43 min. Thirty days after transplanting (DAT) and 60 DAT, the irrigation time was 2 and 3 h, respectively. Plant growth, yield, and WUE. Leaf area per plant, leaf dry weight, and specific leaf area were measured by harvesting one plant from each subplot 60 DAT in both spring trials and at harvest in the fall trial. Leaf area from each plant (all leaves) was measured using a leaf area meter (LI-3100; Li COR, Inc., Lincoln, Nebraska). Then, leaf samples were dried at 70°C for at least 15 d and weighed to determine leaf dry weight. Leaf area was divided by leaf dry weight to determine specific leaf area.
Before harvest, brussels sprouts were decapitated (removal of the apex) on 20 June 2017 and 27 June 2018 in the spring trials and on 20 Oct. in the fall trial to promote the development of auxiliary buds (sprouts). Then at harvest, four plants were selected randomly from each subplot to determine plant height (stem length), plant dry weight, number of sprouts, and yield. Hence, 16 plants were collected from each treatment. Plant height was measured from the base of the plant to the top of the stem. Number of sprouts per plant and yield of brussels sprouts were determined by harvesting all mature axillary buds. Maturity and harvest time were determined visually when most of the sprouts in the plants were wider than 2.5 cm in diameter (U.S. Department of Agriculture, 2016) , and in the spring trials, when the outer leaves of the sprouts started to open, losing firmness (warm conditions).
Water-use efficiency was determined in relation to growth and production parameters. Yield, number of sprouts, and plant dry weight were obtained at harvest from each subplot as described previously. Irrigation events and applied water were monitored throughout the trials as described previously. WUE was determined for growth and production by dividing the estimated number of sprouts, yield, and dry weight in each subplot (production area) by the total applied irrigation water to the same production area.
Statistical analysis. Data from all parameters were analyzed using Minitab 2018 software (Minitab Ò Statistical Software 2018, State College, PA). Analysis of variance was conducted to evaluate the significance of treatment effects. Mean of each parameter was compared by using Fisher's least significant difference at P # 0.05. Time series plots, trend lines, and bar graphs were plotted in Excel 2016 (Microsoft Corp., Redmond, WA).
Results

Environmental parameter and irrigation.
There was no interaction between mulch and LT in all trials, except for minimum soil temperature in Spring 2017. In general, black mulch increased soil temperature (average across LT), except for maximum temperature in Spring 2017 and minimum temperature in Fall 2017 (Table 2) . Maximum soil temperature increased by 1.6 and 1.0°C in Fall 2017 and Spring 2018, respectively (Table 2) . Minimum soil temperature increased by 0.6°C in Spring 2018. Black mulch also increased minimum soil temperature in Spring 2017 by 0.6 and 1.3°C under LT and open field, respectively. Similarly, LT increased the minimum soil temperature in all trials, but there were no differences in maximum soil temperature. Minimum soil temperature under LT increased by 0.7 and 0.4°C in Fall 2017 and Spring 2018, respectively. In Spring 2017, LT also increased minimum soil temperature by 0.5 and 1.2°C under black and white mulch, respectively.
Low tunnels also increased maximum air temperature throughout the growing period in comparison with open field in all trials, but minimum air temperature was the same (Table 3) (Arancibia, 2009 (Arancibia, , 2012 .
Daily air temperature, RH, SR, and wind speed were used to determine daily ET (tall canopy) under LT and open field. Low tunnel decreased daily ET in comparison with open field conditions throughout the treatment period in all trials (Fig. 1) Low tunnels reduced irrigation needs of brussels sprouts in both spring trials. There were no differences in irrigation events between black and white mulch, and no statistical interaction between LT and mulch, so data were pooled together. Figure 2 , however, shows the progression of soil moisture (volumetric water content) and irrigation events throughout the growing period for one replication under LT and in open field. In the first month of both trials, soil moisture stayed above 50% deficit likely because of the sensor's location outside/beneath the root zone (small plants) and heavy rainfall, so irrigation was mainly applied for plant establishment and fertilization. Low tunnel reduced the rate of soil moisture loss between irrigation events and maintained a greater soil water content, especially in the second half of the growing period (large plants). Low tunnel reduced the number of irrigation events necessary to replenish soil moisture from 15 in open field to 7 under LT in Spring 2017 (53% reduction) and from 11.4 in open field to 6.8 under LT in Spring 2018 (40% reduction) (Fig. 3) . Consequently, LT reduced the total amount of irrigation water applied by 40% (from 106 to 64 L · m -1 ) and 24% (from 157 to 120 L · m -1 ) in Spring 2017 and Spring 2018, respectively. In addition, a linear relationship was found between cumulative irrigation (combined both years) and cumulative ET under LT (r = 0.89, P value < 0.0001) and in open field (r = 0.88, P value < 0.0001) (Fig. 4) .
Growth, production, and WUE. Overall, LT increased growth and production of brussels sprouts in all trials (Tables 4 and 5) . By contrast, the color of plastic mulch had no effect on plant growth and yield, and there was no interaction between mulch color and LT for any parameter. Low tunnels increased leaf area by 57% and 67% at 60 DAT in Spring 2017 and 2018, respectively, and by 44% at harvest in Fall 2017 (Table 4) Yield-, number of sprouts-, and dry weight-WUE increased under LT in both spring trials (Table 6 ). By contrast, there were no differences in WUE between black and white mulches, and no interaction between mulch color and LT except for sprout-WUE in Spring 2017. Yield-WUE and dry weight-WUE increased by 107% and 82%, respectively, under LT in comparison with those in open field in Spring 2017 (Table 6) . Similarly, in Spring 2018, yield-WUE, sprouts-WUE, and dry weight-WUE under LT were 62%, 70%, and 81% greater than those in open field, respectively. Sprouts-WUE in Spring 2017 also increased under LT in both black (97%) and white (70%) mulches in comparison with open field, but sprouts-WUE was greater under LT and black mulch than under LT and white mulch.
--------------------------------------------------------------------------------(°C) --------------------------------------------------------------------------------
-----------------------------------------------------(°C)-------------------------------------------------------
Discussion
Environmental parameters and irrigation. Black mulch and LT slightly increased soil temperature with some exceptions, but plant size, shading, and soil depth were influencing factors. Black plastic mulch absorbs more solar energy in comparison with white plastic mulch, resulting in warmer soil, which is supported by the increase in maximum soil temperature in Fall 2017 and Spring 2018, and minimum soil temperature in both spring trials (Table 2) (Arancibia and Motsenbocker, 2008; Lamont, 2005; Soltani et al., 1995) . The slight increase in soil temperature under black mulch was mainly early in the season when plants were small with little shading (data not presented). Late in the growing period, soil temperatures were the same likely because of less SR (fall), the shading effects of large mature plants, and the depth of the sensor.
Similarly, LT increased minimum soil temperature, but maximum soil temperature was the same in all trials (Table 2 ). Fewer differences in soil temperatures are likely because of increased plant shading and placement depth of soil temperature sensors. In this study, soil temperature sensors were 15 cm deep in the soil. Similar studies with muskmelon, tomato, and cucumber where sensors were 15 cm deep showed no differences in soil temperature between LT and open field (Tillman et al., 2015; Wolfe et al., 1989) . By contrast, in studies that reported differences in soil temperatures, sensors were 5 cm deep (Arancibia and Motsenbocker, 2008; Nair and Ngouajio, 2010) and 10 cm deep (Ibarra et al., 2001; Ibarra-Jim enez et al., 2004; Soltani et al., 1995) .
Rowcovers modified the microenvironment inside LTs, which reduced ET. The increase in maximum air temperatures under LT in comparison with open field (Table 3) agrees with previous reports (Arancibia and Motsenbocker, 2008; Ibarra et al., 2001; Nair and Ngouajio, 2010; Tillman et al., 2015) . Furthermore, the reduction in SR under tunnels in this study is also in agreement with previous reports, and it is specified by the manufacturers of the rowcovers (Arancibia, 2009 (Arancibia, , 2012 Nair and Ngouajio, 2010; Tillman et al., 2015) . It is worth noting that the thickness of the rowcover material influences light transmission. The small increase in the maximum RH in this study is inconsistent with previous reports where spunbonded rowcovers had little or no effect on RH (Arancibia, 2009 (Arancibia, , 2012 . In addition, the maximum RH occurred mainly at night when ET is very low or zero. Therefore, in spite of the increased maximum air temperature, the reduced light intensity and lack of wind under the tunnel significantly reduced ET in comparison with open field ( Fig. 1 ; Arancibia, 2009 Arancibia, , 2012 .
Less ET under LT reduced the crop's water needs and irrigation requirements in comparison with open field. The reduced ET under the LT decreased the rate of soil moisture loss, so it took longer for soil to dry to 50% plant available water content (Fig. 2) . Because soil moisture dictated the time to irrigate, less irrigation events were necessary throughout the growing period to replenish soil moisture and the total amount of applied water was reduced (Fig. 3) . However, the relationship between cumulative ET and cumulative irrigation were different between LT and open field (Fig. 4) . This suggests that plant size and the rate of soil moisture loss, and/or other factor(s) are influencing these relationships. To our knowledge, this is the first report that demonstrates that LTs reduce irrigation needs in comparison with open field. Growth, production, and WUE. Low tunnel enhanced vegetative growth and yield, and improved WUE. In this study, LT increased vegetative growth of brussels sprouts as measured by plant leaf area, leaf dry weight, plant dry weight, and plant height in all trials in comparison with open field (Tables 4 and 5 ). These results agree with previous reports indicating that rowcovers enhance vegetative growth and production of vegetable crops (Arancibia and Motsenbocker, 2008; Ibarra et al., 2001; Ibarra-Jim enez et al., 2004; Jolliffe and Gaye, 1995; Nair and Ngouajio, 2010; Soltani et al., 1995; Tillman et al., 2015) . However, differences in specific leaf area between LT and open field were inconsistent among trials likely because of the time of sampling. Differences were not evident at harvest in Fall 2017, but specific leaf area increased at 60 DAT in both Spring 2017 and 2018. Soltani et al. (1995) also found inconsistencies in specific leaf area in samples taken overtime during plant growth and over the years, but concluded that, in general, rowcover increases specific leaf area. Therefore, the microenvironmental conditions under LT increase leaf area mainly by increasing leaf dry weight, and the increase in specific leaf area (reduced density) plays a secondary role.
Favorable microenvironmental conditions under LT enhanced vegetative growth and increased yield in brussels sprouts. Most reports have attributed the larger plants and yield of vegetable crops grown under rowcovers to increased temperatures and accumulated growing degree-days (Arancibia and Motsenbocker, 2008; Ibarra et al., 2001; Nair and Ngouajio, 2010; Soltani et al., 1995; Tillman et al., 2015) . However, based on the results of this study, reduced ET and water stress appear to have contributed to the increase in vegetative growth and yield in addition to temperatures ( Fig. 1; Tables 3-5 ).
Greater yield under LT was predominantly due to more sprouts per plant than sprout size. Most sprouts were wider than 2.5 cm in diameter at harvest and differences in weight between LT and open field were inconsistent, suggesting that LT has no effect on sprouts size. However, there was a difference in sprout weight between the fall trial (heavier and denser) compared with the spring trials. Heavier sprouts in the fall were because of cooler temperatures during sprout development in contrast to warmer temperatures in the spring trials. Optimal temperature for sprouts development ranges between 5 and 18°C (Welbaum, 2015) . Therefore, brussels sprouts for spring production should be planted much earlier in spring to improve quality.
Increased yield and reduced irrigation contributed to improved WUE under LT. The modification of the microenvironment under LT (reduced SR and no wind) reduced ET and crop irrigation needs while increasing growth and productivity ( Fig. 2; Table 5 ). Therefore, the ratio of increased growth and reduced applied water demonstrated that LT increase WUE (Table 6 ). This is the first report to our knowledge presenting evidence that LTs reduced irrigation needs and increased WUE.
Conclusions
This study showed additional benefits of using LTs in vegetable crops with the potential to increase sustainability. Low tunnels modified the microenvironment by increasing soil and air temperatures and reducing ET in comparison with open field, which resulted in increased vegetative growth and yield of brussels sprouts. In addition, less ET under LT reduced the rate of soil moisture loss and irrigation needs, and likely reduced water Means within a column followed by different letters are significantly different from each other by Fisher's least significant difference at P # 0.05. DAT = days after transplanting; M = mulch. stress on sunny and/or windy days. Therefore, the combined effect of reduced irrigation and increased yield improved the WUE of brussels sprouts grown under LTs.
